Abstract-Gamma ray spectroscopy for remote sensing applications requires a high sensitivity that can be achieved by a combination of high efficiency and high energy resolution for high energy gamma rays (up to 1 MeV) . While cryogenic germanium detectors or LaBr 3 :Ce3 + scintillators could in principle satisfy the requirements of many such applications, the search for compact, portable systems that do not require cooling or the use of photomultiplier tubes are still underway. State-ofthe-art CdZnTe spectrometers having an energy resolution exceeding 1% have been recently demonstrated, however they have a typical volume that is less than 1 cm 3 . Large volume (greater than 3 cm 3 ) CdZnTe spectrometers with an energy resolution that is better than 3% are not yet commercially available, although the size of large single crystals that would satisfy the volume requirement can now be grown by various companies with reasonable yield. In this study we have investigated the feasibility of using commercially available large (1 -6 cm 3 ) detector grade CdZnTe single crystals to fabricate coplanar gamma spectrometers with a targeted performance that exceeds 3% energy resolution at 662 keV. The fabrication of optimal performance coplanar detectors requires a custom design that might vary for each crystal growth method. Besides the knowledge of the average values of charge carrier concentrations, mobilities and trapping times the physics-based model requires the knowledge of bulk nonuniformities and their effects on local variations in the electric field and electron mobility-trapping-time product. All crystals investigated had tellurium, as second phase. A new type of material inhomogeneity, and its influence on detector's performance, became apparent only in large volume crystals and will be reported.
I. INTRODUCTION
FTER more than a decade CZT is considered a promising choice for room temperature radiation detectors. In some applications small volume CZT crystals are already reported energy resolution as good as 1% for 662 keV [1] . For other applications like handheld radiation detectors where high detection efficiency is crucial, much larger crystals (6-10 cm 3 ) are necessary. There are CZT crystals of this size available but it is still difficult to harvest large crystals that are very uniform within their entire volume. Infrared transmission photography is a useful tool to investigate crystals integrity and, if crosspolarized light is employed, the internal stresses induced either during growth, cooling, or processing can be revealed. This work is focused on this internal stress in large CZT, its influence on internal electric field under external applied bias, and correlation of these with detector performance.
Materials with anisotropic structures possess and optical property called birefringence or double refraction. For each propagation direction within a birefringent material, there are two modes of propagation with different refractive indices, n 1 and n 2 , yielding birefringence, Δn, as defined by:
[2] One way of inducing birefringence is by applying a stresscausing deformation such that the isotropy is lost in one direction. In such cases, the birefringence is said to be stressinduced, an effect that can be either reversible, disappearing after the stress is removed or irreversible, such as where a permanent plastic deformation has occurred. In this paper, we are interested in the situation where the optical medium is a single crystal. For example, local regions in a crystal exhibiting permanent stress-induced birefringence can be created by plastic deformations during (1) crystal growth methods employing thermal gradients, (2) coodown, at the end of the process resulting from transient thermal gradients in the crystal and/or mismatch between the thermal expansion coeffieicnts of the crystal and the crucible, (3) postgrowth thermal annealing causing thermal gradients or lattice stresses due to dispersion of precipitates or inclusions, or (4) less than ideal mechanical handling during sawing, polishing, shipping, or use of electrical testing probes applying pressure.
Another way of inducing birefringence is via the linear electro-optic effect, or the Pockels effect, first studied by F. Pockels in 1893. [3] The Pockels effect is a second-order nonlinear effect following the relation:
occurring in noncentrosymmetric ordered crystals with an applied quasi-static electric field described by a 6x3 electrooptic tensor, r ij where n is the average refractive index and E is the applied field. The same crystal structures exhibiting the Pockels effect are also piezoelectric. This effect can be understood at an atomic scale by considering the redistribution of bond charges and slight deformation of the crystal lattice under the applied field. For zinc-blend compounds such as CdTe and CdZnTe, there are only three non-zero elements of the optic tensor: r 63 = r 52 = r 41 ~ 6.8x10 12 mV -1 assuming n = 2.8 at 1 μm. The induced birefringence is therefore described as Δn = kn 3 r 41 E (3) where k is a geometrical factor determined by the orientation of the crystal with respect to the propagating beam.
II. EXPERIMENT
The experimental setup is illustrated in Figure 1 . Light of wavelength λ propagates along the crystal of length L in the zdirection. The nominal applied electric field is E 0 = V/d, where d is the distance between the cathode and anode and V is the applied voltage. In this case, the induced birefringence will result in an electro-optical phase retardation, δ, defined as the change of relative phase between the two orthogonal polarization components, that can be calculated from
If a linearly-polarized light beam travels through a medium, a rotation of the polarization by π/2 is obtained for an electric field, E π/2 , of an order of magnitude of 10 4 V/cm and given by
which is a condition utilized in many electro-optic modulators and switching devices employing Pockels cells. The Pockels effect in CdZnTe has been exploited in many studies by imaging the entire sample simultaneously or by uysing a narrow, collimated beam to probe the local electric field. [1] [2] [3] [4] [5] [6] In either case, one gets information on the internal electric field as an image, E(x,y), averaged along the z-axis. The biased CdZnTe crystal is placed between crossed polarizers and the intensity of the transmitted light, I(x,y), is measured using a CCD camera, given by
As a consistency check, the integral along a line parallel to the y-axis should yield
where E(y) is the value of the electric field averaged along the z-axis. [2] The setup for this experiment is shown in Figure 1 . It used a 50 W Hg lamp from Newport (Model 66455) and a narrow band filter that allowed us to produce a maximum illumination at 1064±5 nm of 2.4 mWm -2 nm -1 at a distance of 50 cm. The infrared camera used was an InGaAs camera from Electrophysics (MicronViewer 8320) having a spectral range of 900-1700 nm and thermoelectrically cooled to 200 K to minimize the dark noise during its operation.
In general, the stress-induced birefringence is measured with the same setup as shown in Figure 1 with V = 0 V. It was also realized that the stress-and voltage-induced effects overlap with various relative degrees of magnitude, depending on the quality and processing procedure of the CdZnTe material. I 0 (x,y) in Equation 6 can be experimentally obtained for V = 0 V and by rotating the analyzer to be parallel to the direction of the polarizer. Since the extinction ratio of the polarizer/analyzer combination is finite for quantitative determinations, a more accurate value of the I(x,y) image is obtained by subtracting the background image for I(x,y) for the situation of V = 0 V between cross-polairzers, indicating the intensity to light that "leaks" through when the polarizer and analyzer are crossed.
III. RESULTS
Transmission infrared (IR) photographs in cross-polarized light of 1150 nm were obtained from two directions normal to eachother using a 15.6 x 14.5 x 12.1 mm 3 CdZnTe crystal from Yinnel Tech are shown in Figure 2 . These images revealed well-defined striation patterns not present in the surface visible light reflection images shown in Figure 3 . Because the striae are not visible in the reflection photograph of Figure 3 , we can conclude that they are not caused by surface scratches or other surface artifacts. In addition to the birefringence images (0 V) images shown above, the Yinnel Tech crystal was also imaged with an applied bias of -1500 V, as shown in Figure 5 . The striations are still visible in this case, indicating that the potential variation in electric field due to the striations is of similar strength to the applied electric field. 
IV. DISCUSSION
To consider the potential impact on overall device performance, it was necessary to quantify the variation in electric field along a line in these images. A sample of such a calculation is shown in Figure 6 . As can be seen from the figure, there is a great deal of variation around the average value, corresponding roughly to a factor of 3 variation in electric field across the image. In an attempt to correlate the potential bulk-wide changes in electric field with the Pockels images, we fabricated the Yinnel Tech crystal in a planar configuration and probed it with collimated alpha particles. The goal was to determine if the observed variation in electric field due to the striations would impact the measured collected charge and thus potentially impact a gamma-ray spectrum obtained with such a device. To do this, alpha particle spectra were taken along the same line in Figure 6 and the position of the peak in the alpha spectrum was measured as a function of position. The result of the alpha particle measurements is shown in Figure 7 . As can be seen from the figure, there does not appear to be a correlation between striae and alpha particle response. It is possible that this is true because the Pockels images really represent an integrated electric field through the crystal along the z-axis at each pixel in the image. While the images suggest possible variations in electric field of up to a factor of two, it is not possible to tell if this variation is averaged over the third dimension in each pixel or if it is localized as a strong defect in field. Further work is necessary to attempt to tomographically reconstruct the field at any point within the device. Finally, the Yinnel Tech crystal was refabricated in a coplanar grid configuration to determine the quality of spectra possible with a device with striae. A sample spectrum is shown in Figure 8 While it is apparent that there are not significant variations in the collected charge with these striae, its implication on device physics could be profound. For example, (μτ) e of a semiconductor is calculated based on the Hecht relation. This calculation assumes a constant electric field. It is clear that a variation by a factor of two can have a significant impact on the calculated value of (μτ) e .
V. CONCLUSIONS AND FUTURE WORK
We have shown a new bulk defect in CdZnTe using optical birefringence and the Pockels effect to probe the electric field within the crystal. Various experiments have been conducted to examine these striations to evaluate their impact on overall device performance. It is optimistic that these crystals can demonstrate reasonable gamma-ray spectra, however the question remains as to whether the Hecht relation assuming a constant electric field applies to crystals with the electric field striations. More work is required to fully map in three dimensions the electric field within the crystal using tomography to understand the volume that contains these striations.
